Abstract-The three-dimensional (3-D) Transverse Oscillation (TO) method is used to obtain 3-D velocity vector estimates in two orthogonal planes. The method is suitable for a real-time implementation. Data are acquired using a Vermon 3.0 MHz 32x32 element 2-D phased array and the experimental ultrasound scanner SARUS. Measurements are conducted on a carotid artery flow phantom from Danish Phantom Design, and 20 frames are acquired with a constant flow rate of 16.7±0.17 mL/s provided by a Shelley Medical Imaging Technologies CompuFlow 1000 system. The peak velocity magnitude in the vessel is found to be 52.3±8.1 m/s compared to an expected peak velocity of 53.6±0.54 cm/s. Based on the out-of-plane velocity component in the crosssectional plane, the estimated volumetric flow rates are 17.1±1.4 mL/s. The coefficient of variation is 8.3%, and the bias is 2.2%. An in vivo measurement of 3-D M-mode velocities is conducted over five heart beats. The peak systolic and end-diastolic velocities are 69±5.4 cm/s and 7.9±5.5 cm/s at the center of the vessel. For comparison, a commercial BK Medical ultrasound scanner using the spectral estimator yields 71.2 cm/s and 7.70 cm/s, respectively. The results demonstrate that the 3-D TO method can estimate 3-D velocities in two crossed planes, volumetric flow rates, and 3-D velocities in vivo.
I. INTRODUCTION
Ultrasonic estimation of blood velocity plays an important role in the clinic when diagnosing cardiovascular diseases [1] , [2] . Although several studies have shown that the velocity in the human circulatory system varies as a function of time and space with components in all three spatial dimensions [3] - [5] , the estimation of blood velocities on most commercial scanners still relies on one-dimensional (1-D) axial estimators.
With 3-D velocity estimators, it is possible to perform 3-D vector flow imaging (VFI), and thereby estimate the true 3-D velocities, visualize complex flow patterns, and calculate volumetric flow rates without assumptions on out-of-plane motions. This paper employs the 3-D Transverse Oscillation (TO) method [6] - [8] .
The purpose of this work is to investigate the TO method for estimating 3-D vector velocities in two orthogonal planes in a phantom mimicking the carotid artery. Based on the estimated velocities, volumetric flow rates are calculated. An example of 3-D M-mode velocities obtained in an in vivo carotid artery is also presented.
II. THE 3-D TRANSVERSE OSCILLATION METHOD
The 3-D TO method employs a 2-D transducer and decouples the velocity estimation into three independent velocity components using a spatial quadrature approach [9] , [10] . The three components are estimated simultaneously based on the same received data using a special autocorrelation approach [11] . The field generation, beamforming, and velocity estimation for the 3-D Transverse Oscillation method are described in detail by Pihl et al. [8] . The method has been validated by simulation studies [6] and experimental flow-rig measurements in terms of velocity profiles [7] and obtained volumetric flow rates [8] , which also demonstrates that the 3-D TO method is suitable for real-time processing.
III. DATA ACQUISITION AND PROCESSING
Data were acquired using a 3.0 MHz 32x32 element 2-D phased array transducer (Vermon S. A., Tours, France) connected to the experimental ultrasound research scanner SARUS [12] . Data were sampled from all 1024 channels simultaneously and stored for offline processing.
Measurements were conducted on a flow phantom mimicking the carotid artery (Danish Phantom Design, Frederikssund, Denmark) connected to a CompuFlow 1000 system (Shelley Medical Imaging Technologies, Toronto, Canada), which ensured a constant flow rate of 16.7 mL/s.
The in vivo measurement was conducted by an experienced radiologist on the right carotid artery of a healthy 30 year old volunteer. To ensure FDA compliance, hydrophone measurements were performed using an AIMS III scanning tank system and the accompanying software (Onda, Sunnyvale, CA). The derated intensity values were: MI = 0.86, I sppa = 133 W/cm 2 , and I spta = 444 mW/cm 2 . For comparison, a spectogram was recorded using a commercial Pro Focus UltraView scanner (BK Medical, Herlev, Denmark).
The stored raw RF data were matched filtered and beamformed using the Beamformation Toolbox 3 [13] . Mean stationary echo canceling (clutter filtering) was performed by subtracting the mean ensemble value of the N l lines prior to the velocity estimation. The velocity estimates were obtained using N l = 32 emissions per estimate. The estimated velocity components were rotated and scan converted according to the steering angle using linear interpolation. The discrimination between flow and stationary objects was made by manually outlining the vessel boundaries based on the B-mode image.
Image lines were acquired in two planes (ZX and ZY ) as illustrated in Fig. 1 . Each B-mode plane consists of 64 lines with an angle step of 1
• covering a field of view from -31.5
• to -31.5
• . Each VFI plane consists of 9 lines. The VFI planes range from -20
• to 20
• in steps of 5
• . The system pulse repetition frequency was limited by hardware to 10 kHz, yielding a frame rate of 13 Hz. The effective pulse repetition frequency for each flow line was 1.667 kHz.
From the plane forming a cross section of the vessel, volumetric flow rates were estimated by integrating the out-ofplane velocity component.
IV. RESULTS AND DISCUSSION
A. Carotid Artery Mimicking Phantom Fig. 2 shows one out of 20 acquired frames of estimated 3-D velocities in two orthogonal planes (ZX and ZY ) under constant flow conditions. The orientation of the transducer is so that the primary flow direction is close to the -x direction. Fig. 3 shows the mean of the 20 frames as two orthogonal planes for all three velocity components and the velocity magnitude. Note that the two planes were not perfectly aligned along the center of the vessel. Fig. 2(c) , Fig. 2(d) , and Fig. 3(b) show v y . This component is small at the center of the vessel in both planes. There are some areas of higher velocities at the boundaries. These may represent rotational flow components, but may also be due to boundary effects.
The velocity component v x is shown in Fig. 2(e) , Fig. 2(f) , and Fig. 3(c) . The largest component is at the center and smaller values are present at the vessel boundaries. An overall parabolic and 2-D circular symmetrical parabolic shape of the flow can be recognized in the ZX and ZY planes, respectively. However, as the tubes are bending prior to inflow in the phantom, complete fully developed flow can not be expected, and rotational flow components are likely to be present. Fig. 3(d) displays the velocity magnitude. The velocity profile is the same as for v x . It can be noted that due to the high reflections in the vessel walls, the velocity estimates near the boundaries get suppressed. At the center of the vessel, v z = -1.9±1.0 cm/s, v y = 4.1±7.8 cm/s, v x = -45.0±5.3 cm/s, and |v| = 45.6±5.6 cm/s. The expected velocity magnitude based on the flow rate and the vessel geometry is 53.6 cm/s. The apparent underestimation may be due to the fact that the flow is not fully developed, hence, a lower peak velocity is probable. In addition, the spacing of the VFI lines is large, and the area with the highest velocity may be missed.
As the out-of-plane velocity component can be measured in a cross sectional plane of the vessel with the 3-D TO method, volumetric flow rates can be estimated. For the case presented here, v x in the ZY plane is summed over the vessel lumen and gives 17.1±1.4 mL/s compared to the desired 16.7 mL/s set for the piston flow pump. The coefficient of variation is 8.3% and the bias is 2.2%. B. In Vivo Carotid Artery M-mode 3-D velocities were acquired in an in vivo carotid artery along the center line of the two image planes. Fig. 5 shows one estimate of the 3-D velocities represented by arrows at the center of the vessel for a time point at peak systole. Fig. 6 shows five heart beats of the three velocity components and the velocity magnitude. For comparison, the peak systolic (71.2 cm/s) and end-diastolic (7.70 cm/s) velocities obtained from the spectral estimator on the commercial scanner are shown as dashed lines. The mean of the maximum velocity magnitudes during each heart beat is 69±5.4 cm/s. The end-diastolic velocity is calculated as the mean of the last 10 velocity estimates (taken over 133 ms) in each of the five cardiac cycles. The result is 7.9±5.5 cm/s. It should be noted that the two measurements could not be acquired simultaneously, due to the use of two different transducers and scanners. Additionally, the site of investigation may be slightly different. Nonetheless, the temporal changes are similar to the spectrogram obtained from the commercial scanner. It is visible underneath the velocity magnitude trace in the bottom graph. The results demonstrate that the estimated 3-D velocities are 
V. CONCLUSION
The results demonstrate that 3-D velocities can be estimated in two orthogonal planes using the 3-D Transverse Oscillation method. Based on the out-of-plane velocity component for a cross-sectional plane, it is possible to estimate volumetric flow rates. The results also demonstrate that the 3-D TO method is suitable for obtaining in vivo estimates of 3-D velocities. Using ultrasound with the 3-D TO method, both data acquisition and processing can be done in real-time allowing for bed-side examination. The estimation of true velocity magnitudes and quantitative estimates of volumetric flow rates are expected to have significant impact on diagnoses of cardiovascular diseases. Furthermore, the visualization of complex 3-D flow patterns will provide an increased understanding of human blood flow and may reveal pathological information.
